Abstract: In this paper, a feasible compensation technique has been proposed to improve the bandwidth angular stability of FSS radome. Stacked structure composed of different mechanical suitable materials has been adopted to construct the bandwidth compensation layer in the proposed technique. Hence, the problem that mechanical suitable materials with lower permittivity are not available in the classic bandwidth compensation technique has been solved. The validity of the proposed technique is verified by designing an FSS radome composed of modified second-order miniaturised FSS (MFSS) and bandwidth compensation layers. Simulation results show that the proposed technique has equal performance in stabilizing the bandwidth of FSS radome under oblique incidence with the classic one.
Introduction
Frequency selective surfaces (FSSs) are periodic structures, which are widely applied to construct radomes, antenna reflectors, electromagnetic shelters and so on [1, 2] . Within these typical applications, FSS radome has been intensively studied for its crucial importance in reducing the antenna Radar Cross Section (RCS) of aircrafts [3, 4] . For this purpose, an FSS radome should provide stable frequency filter property under different incident angles and polarisations. Actually, stable frequency filter of FSS radome can be obtained by improving the stability of resonant frequency and bandwidth, simultaneously. The resonant frequency stability can be obtained by miniaturised FSSs [5, 6, 7, 8, 9, 10, 11] and the bandwidth stability can be improved by bounding outer compensation layers with a lower permittivity [1] . However, when fabricating the bandwidth compensation layers, mechanical suitable materials with such a lower permittivity may be not available in engineering. Hence, the classic bandwidth compensation technique in [1] cannot be applied to design practical FSS radomes.
In this paper, we proposed a feasible bandwidth compensation technique, which solved the problem that mechanical suitable materials with lower permittivity are not available.
FSS radome with bandwidth compensation layer
As shown in Fig. 1 , an FSS radome composed of modified second order MFSS and bandwidth compensation layers has been adopted in our work to investigate the bandwidth compensation technique. As proposed in [12] , the modified second order MFSS is constructed by two sets of basic resonating units and a center supporting dielectric layer for coupling.
Transmission coefficients of the modified second order MFSS without bandwidth compensation layers are analyzed and shown in Fig. 2 . It can be found that frequency filter property of the modified second order MFSS is sensitive to incident angles. With the increase of incident angle, bandwidth decreases and the bandpass ripple level increases for TE polarization. For TM polarization, the increase of incident angle will result in the broadening of bandwidth. Changes in bandwidth with different polarizations under oblique incidence are not acceptable for an FSS radome design.
The proposed compensation technique
Based on the theory of Munk, bandwidth of FSS structure can be compensated by outer compensation layer with a lower permittivity. And the permittivity and thickness of the outer compensation layer can be determined by
where max is the largest incident angle to be compensated. However, mechanical suitable materials with the permittivity determined by (1) may be not available in engineering. Hence, the classic bandwidth compensation technique is not suitable for practical FSS radome design. To solve this problem, stacked structure composed of different engineering materials is adopted in the proposed technique to construct the compensation layers, as shown in Fig. 3 . Based on the concept of effective permittivity, a lower permittivity can be obtained by combining materials with different permittivity. And the mechanical suitable materials, which are used to construct bandwidth compensation layers, can be selected by the following constraint
where " out is the effective permittivity of the compensation layer obtained by (1) .
After determining the constituting materials of compensation layers, the stacked structure's geometric parameters can be calculated by
where k is the coefficient to be determined, 0 is the wave length at resonant frequency in free space.
To determine the value of k, we first define two evaluation indexes (T 0 and F) to depict the frequency filter property. T 0 is the transmission coefficient at the resonant frequency under normal incidence. And F is the stability factor, which describes the stability of the filter property under oblique incidence. The stability factor F is determined by
where N is the total number of calculated frequency in the pass band. T normal ðf i Þ and T oblique ðf i Þ are the transmission coefficient at f i under normal and oblique incidence, respectively. Obviously, the smaller stability factor F is, the better bandwidth stability is. Subsequently, simulation experiments have been carried out to evaluate the influence of k on frequency filter property of the FSS radome shown in Fig. 3 . In the simulation experiments, parameters are set as follows: the coefficient k is ranging from 0.1 to 0.4 with a step of 0.01, permittivity of the materials constructing the staked structure is set to be " 1 ¼ 2:3 and " 2 ¼ 1:2, respectively. As a result, there will be 30 possible FSS radome structures with different compensation layers. Commercial software HFSS has been applied to analyze the frequency filter property of each possible FSS radome structure. Then, the evaluation indexes for each FSS radome can be obtained to investigate the relationship between coefficient k and evaluation indexes. As shown in Fig. 4 , the coefficient k has great effect on the two evaluation indexes. For index T 0 , it keeps above −0.1 dB when k is below 0.25. However, if k increases above 0.25, T 0 will decrease with the increase of k. As for index F, with the increase of k, F will decrease first and then increase. The minimum value of F is obtained when k equals to 0.25 for both TE and TM polarizations, which means the best bandwidth stability characteristic can be achieved when k equals to 0.25. Hence, the value of k should be chosen around 0.25.
Verification of the proposed compensation technique
To verify the validity of the proposed bandwidth compensation technique, bandwidth compensation layers of FSS radome are designed by the classic bandwidth compensation technique and the proposed one, respectively. Resonant frequency of the designed FSS radome is set to be 10 GHz and the largest incident angle to be compensated is 60°.
Firstly, the bandwidth compensation layers are designed by the classic bandwidth compensation technique. The dielectric permittivity and the thickness of the compensation layers can be determined using (1) and (2), as follows: " out ¼ 1:5 and h out ¼ 8:7 mm. Structure parameters of the modified second order MFSS are as follows: " ¼ 3:4, T ¼ 5:9 mm, h ¼ 0:2 mm, H ¼ 2:5 mm, s ¼ 0:9 mm, w ¼ 1:2 mm.
Secondly, the proposed bandwidth compensation technique has been adopted to design the compensation layers. Considering the mechanical requirements of practical FSS radome, skin material with a dielectric permittivity of " 1 ¼ 3:4 and foam material with a dielectric permittivity of " 2 ¼ 1:1 have been adopted to construct the bandwidth compensation layers. By using (4) and (5), thicknesses Fig. 5 . It is observed that the frequency filter property can be maintained well with the aid of bandwidth compensation layer designed by the proposed technique. Especially for the pass band, its flat-top filtering property keeps well under oblique incidence with incident angle of 60°. Also, compared with the classic compensation technique by Munk, the proposed technique has equal performance in stabilizing the bandwidth under oblique incidence, which demonstrates the validity of the proposed bandwidth compensation technique.
Effect of parameter variation on design robustness
As discussed above, bandwidth angular stability of FSS structure can be improved with the proposed compensation method and structural parameters of the proposed bandwidth compensation layers can be determined by using (4) and (5). However, limited by the manufacturing process, FSS radome with exact structural parameters calculated by (4) and (5) may be not manufacturable. To investigate the robustness of the proposed compensation technique in stabilizing bandwidth at oblique incidence, influences of the structural parameter variations on frequency response have been discussed in this section.
The impact of compensation layer's structural parameter variations on performance of the FSS radome discussed above is demonstrated by conducting a number of full-wave simulations. In these simulations, dielectric permittivity of skin material " 1 is considered to change in the range of 3:4 AE 0:6, thickness of skin material h 1 is allowed to vary in the range of 1 AE 0:6 mm, permittivity of foam material " 2 is changing in the range of 1:1 AE 0:6 and thickness of foam material h 2 varies in the range of 5:1 AE 0:6 mm. These ranges can be satisfied with the current manufacturing process and all the structural parameters change with a step of 0.2. Fig. 6(a) and Fig. 6(b) show the impact of changes in skin material on the frequency response of the FSS radome. It can be observe that frequency response is insensitive to the variations in skin material parameters. As indicated in Fig. 6(b) , center resonant frequency of the FSS radome shifts with the change in skin material thickness h 1 slightly and the resonant frequency deviation is below 0.2%. Impact of variations in foam material parameters on the FSS radome's performance is shown in Fig. 6(c) and Fig. 6(d) . Observe that as the foam material permittivity " 2 decreases, the resonant frequency increases and flat characteristic in the passband deteriorates. The resonant frequency varies within 0.6% of the expected center frequency. Also, the frequency response is insensitive to the variations in foam material thickness h 2 .
Furthermore, sensitivity of the bandwidth angular stability of the FSS radome to the structural parameter variations has been investigated. It can be found in Fig. 7 that bandwidth angular stability is sensitive to the variations in foam material permittivity " 2 . Especially, as " 2 decreases, stability factor F increases greatly for TM polarization and the maximum stability factor shift is 703.7%, which means the bandwidth angular stability deteriorates. As for the parameters of skin material, thickness h 1 has greater impact on the bandwidth angular stability than the permittivity " 1 . As skin material thickness h 1 increases, stability factor F increases, which means the bandwidth angular stability becomes worse. As observed in Fig. 7(a) and Fig. 7(b) , with the variations in skin material parameters, maximum stability factor shift keeps below 67% and 166% with respect to permittivity " 1 and thickness h 1 , respectively. As for the foam material thickness h 2 , stability factor F Based on the parameter sensitivity analysis above, it can be found that performance of the FSS radome shown in Fig. 3 is sensitive to foam material permittivity " 2 and skin material thickness h 1 . Compared with the two parameters " 2 and h 1 , variations in skin material permittivity " 1 have less impact on the performance. As for the variations in foam thickness h 2 , performance of FSS radome maintains well. Considering the current manufacturing process, the main sources of uncertainty in fabricating the proposed FSS radome are the uncertainties in foam material permittivity and skin material thickness. As a result, these issues should be taken into consideration at the design stage.
Conclusions
A feasible bandwidth compensation technique for FSS radome design has been investigated. By introducing the stacked structure to construct the bandwidth compensation layers, the proposed technique has solved the problem that mechanical suitable materials with a lower permittivity are not available. Simulation results show that the proposed technique has great performance in stabilizing the bandwidth under oblique incidence, which can be applied to design FSS radome with high bandwidth stability.
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